





































































































Table 1

Summary Statisties for Cholces

Bession -1 Session. 2. ...
Cbs. Predicted Obs , Predicted
Two Three Two Three
State* State State State
Model Medel Model Model
Mean Total Errors — 4.16 Lok Lh.17 3.0k 3.4%9  3.11
Variance Total Errors 9.73 16.30 12.73 £.19 6.4k 6.12

Mean Trial of Last Error 6.34 .35 6.46 h,7h .78 4.70

Autocorrelation

1 Trial Apart 2.15 2.58 2,17 1.37 1.88  1.46
2 Trials Apart 1.83 2.21 1.82 i1.12 1,52 1.16
3 Trials Apart ‘1,52 1.88  1.53  0.87  1.23  0.90
4L Trials Apart 1.34 1.60 1.29 0.70 1.00 0.70
5 Trials Apart 1.06 1.37 1.09 0.60 0.81 0.53
6 Trials Apart 0.85 1.17 0.90 0. bl 0.65 o, k1

Mean Errors to lst Success 1.74 1.55 1.50 1.41 1.45 1.39

Variance of Brrors to

igt Success 3.86 3.02 hohg 2,76 2093 3.86

Bxpected j-tuples of Errors

jo=1 h.16 L.sk L1y 3.0k 3.39 3.11
j=2 2,1k 2.58 2.17 1.37 ~1.88 1.46
j=3 1.18 1.h7 1.19 0.67 1.02 0.70
J=h 0.65 0.84 0.65 0.33 0.55 0.3k
j=5 C.36 0.48 0.36 0.17 0.30 0.17

*
The two-shtate model is the familiar one-element model.
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Table 1 (continued)

Session 1

Bession 2

Qbs. Predicted Obs. Predicted
Two Three Two Three
State State State State
Model Model Model  Model
Distribution of
Trial of Last Error, K
 Pr (K = 0) .08 07 .06 .13 .09 .06
Pr (XK = 1) .10 AR .13 .12 17 .13
Pr (K = 2) .07 L12 L1k .09 o1h L1h
Pr (K = 3) .06 .10 .13 .09 -1l .13
Pr (K = 4) .09 .09 <11 .13 .09 11
Pr (K = 5} 11 .08 .09 .09 .07 .09
Pr (K = 6) .07 .06 .08 .06 .06 .08
Pr (K = 7) .07 .05 .06 .06 .05 .06
Pr (K = 8) .06 ol .05 .05 .0l .05
Pr (K = 9) .06 .0l Nelt .03 .03 Nelt
Pr {X = 10) .03 .03 .03 .03 .03 .03
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Estimates of Choice Parameters

Table 2

Session 1 Session 2

Two-State Model

c 0.147 O.i9l
Three-State Model

¢ 0.172 0.266

b 0.154 0.361

94 -0.055 0.219

£ 3.3 0.6
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On the other hand, the two-state model provides a better fit of the
statistics based on errors prior to the first success, although both
models are somewhat inadequate in this respect.

Evidence against the tWOwstate model is provided by the application
of the goodness of fit tests described by Suppes and Ginsberg (1963).
These statistics test in a variety of ways the implication of the
model that responsges prior to the last error have a binomisl distribu-
tion., The result of applying these tests is shcown in Table 3. The two
stationarity statistics tesf the hypothesis that the backward learning
curve ig a horizcntal straight line. The order-dependency statistic
tests the assumption that successive responses are independent. The
last two statistics are tests of goodness of fit of the binomial dis-

tributicn. The chi-zquare values of Table 3 are all significant at the

Insert Table 3 aboubt here

201 level., This leads to the rejection of the hypothesis that the re-
sponses prior to the error are binomially distributed.

The nature of the non-stationarity revealed by the first two tests
of Table 3 can be seenr in Figure 3, which shows the backward learning

curves for the two sessions., In this graph, -1 denotes the trial prior

Insert Figure 3 about here

to the last error, -2 denoctes the triasl immediately preceding it, etc.

It can be seen that as the distance from the last error increases, the
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Table 3

Analysis of Choice Data Prior to Last Error

for the Two-State Model

Session 1 Session 2

af X2 P < , X2 P <
Stationarity
{1) Vincentized 3 86.5 .001 75.0 .001
(2) Non-Vincentized il 54,7 001 58.3 .001
Order 1 24.2 .001 11.0 .001
Goodness-of-fit 2 10.9 0L 7.1 .05
to Total Errors
in Blocks of 3 trials
Specific Sequence 6 33.7  .00L 23.6 .001

(Blocks of 3 trials)
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Figure 3. Backward Learning Curves
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success prcbability decreases from a value of approximate}y 1/2 to a
value of app;oximately 1/3; This_vaLue of-l/3 is.the,sqme és_the.success
probability on trial 1.

It may seem somgwhat,surprisingrthat the estimates of _ql produced
by our estimaticn procedure did not turn out to be 1/2a However, if our
estimation procedure is used with qi set to l/2 on an a4 priori basis,
then the fit to the observed data is considerably less accurate. For
exampte, the chi-square value for Session 1, using optimum values of b

and ¢, is egual to 7.5.
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The Lateney Data

Our discussion of the latency data is divided into two sections.
The first is concerned with the general adequacy of the model in
fitting quantitative summary statistics of the data. The seccond is
concerned with a somewhat unexpected dqualitative phenomenon that cannot
be accounted for by the model. A partial report of this phenomenon
has appeared elsewhere (Schlag-Rey, Groen and Suppes, 1965). A more
complete account is presented here.

(8) Summary Statistics

The mean latency curves for Session 1 and Session 2 are shown in

Figure 4.

Insert Figures 4 and 5 about here

These curves are characterized by an extremely rapid initial
increase followed by a somewhat slower decrease, There is some leveling
off in this decrease during the last few trials, but there is no indi-
cation that the laftencies have settled down to a stable asymptotic
minimum. The chief difference between Session @ and Session 2 is that
the curves for Sesgion 1 stay close to the maximum for several trials
before beginning to decrease, whereas on Session 2 the maximum is reached
on trial 4 and is followed by a rapid, well-defined decrease. Both the
mean latency on trial 1 and the maximum mean latency are about 1 second
higher on Session 1 than Session 2. However, the mean latencies on the

last five trials are slightly lower for Session 1 than for Session 2.
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Figuré 5 shows the mean latencies of successes and errors as a func-
tion of the trials. Error latencies after trial 11 are not included
because they are based on less than ten percent of tﬁe data. The mean
success latency curves resemble the mean latency curves. On the qther
nhand, the mean errcr latency is characterized by a much sharper initial
increase and is considerably larger than the mean success latenqy. There
ie no evidence that the error latency decreases after the first few trials.

To estimate the parameters, Moo of the simple three-state model,

advantage was taken of the fact that equations {4), (8) and (19) are

linear in the ui . These equations all have the form
2 ]
Yn = ZE: Xﬁ.uu )
i=0 J d

As a result, the values of “j were estimated by performing a least
squares fit to the observed values of E(t ), E(tann =1) and
E(tnan = 0). The values of an were obtained by substituting the
values of b, ¢, and 9 that had been estimated from the choice
data, as shown in Table 2; as before 9, vas determined & priori from

the experimental design as 2/3.

The resulting estimates of uO, “i and By are given in Table 4a.

Insert Tables 4a and Wb .about here

These estimates were substituted in (4), (12) and (19) to provide predicted

values for E(tn), E(tn|Xn = 1) and E(tn! X, = 0}. The predicted values,

together with the corresponding observed values are shown in Figs. 3 and

4. The estimates of Hos M

ik and by were also used to compute various

-~ 41 -
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Table kg

Latency Parameter Estimates for Three-State Medel

Segsion 1 Session 2

My 1.490 1.203
Mo L. b7 1.667
My 1.078 1.058
“i 468 .33
o? 453 727
o

o, L1334 L167

Table bb

Summary Latency Statistics for Three-State Model

Sessgion 1 Session 2

Obs. Pred. Obs. Pred.

Mean Elti 31.45 31.56 28.61 28.69

Var thi 74.95 13.92 70.01 8.36
Autocorrelations

1 trial apart ha.29 39.00 35.29 32,25

2 trials apart 40.33 37.21 33.59 30.63

3 trials apart 3§.21 35. 44 31.72 29.03

4 trials spart 36.29 33.69 29,96 27.49

5 trials apart 34,37 31.97 28.19  26.01
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summary statisties from equations (9}, (15) and (16). The resulting
values are given in Table 4b.

The summary statistics do not throw much light on the goodness of
fit. The extremely high observed variance could be due to individual
differences between subjects. Another possible recason will be discussed
in the next secticn. A better indication of the fit is given by ths
discrepancies between the theoretical and observed mean latencies in
Fig., 3. The thecoretical values in this graph were computed from equation
(4}, For Session 2, the theoretical curve fits the observed values
reasonably well. For Session 1, on the other hand, the fit is extremely
poor, cowing to the fact that our estimate of uo is greater than our
estimate of plu

Equations (18) and (19) were used to compute theoretical values for
E(tann = 1) and E(tn]Xn = 0), These did not turn out to provide a gcod

fit to the data, as can be seen from Table 5.

Insert Table 5 about here

However, the thecoretical curves for Session 2 have the same shape
as the cbserved curves.

(v) Latencies on Last Error

The qualitative phenomenon that cannct be accounted for by the model
consists in a sharp peak in the mean latency on the trial cof last error.
This was disccovered during the course of an analysis of the reason for the

sharp rise in mean error latency cver the Tirst few trials.
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._)_'1.‘...

Conditional Meén Latencies

Table 5

Trial Session 1 Session 2
.Errors Successes Errors Successes

Obs. Pred. Obs., Pred. Obs. Pred. Obs. Pred.

1L 1.22 1.9 1.26  1.49 1.06  1.20 11 1.20

2 1.51  1.49  1.35  1.b7 1.37  1.25 1.21 1.k

3 1.53 1.4  1.39  1.15 141 1.2 1.28 1.kl

L 1.57 1.49 1.32  1.ke 1.49  1.31  1.34 . 1.36

5 1.65 1.4 1.33  1.39 1,49 1.33 1.29  1.30

6 170 1.59 T1.39  1.36 142 1.35 1.23  1.25

7 1,71 01.49 0 1.3F 1,33 1.43  1.36 1.1 1.21

8 1.60 1.4 1.27  1.31 1.47 137 1.20  1.17

g 1.57 1.4 1.33 1.28. 1l.24  1.38 .18 0 1.15




A possibility existed that the sharp increase in the mean error
latency was due to subjects taking a long tTime t0 respond to items that
they found difficuit. Also, the curves of Fig. 1 did not clearly dis-
tinguish between latencies on pre~-criterion trials and latencies on
post-criterion trials. As a result, a further analysis was performed
in which all protocols with the same trial of last error were grouped
together and averages computed for each group separately. Mean error
latencies, mean success latencies and meazn overall latencies were com-
puted in this fashion. The result of this analysis is partialiy shown

in Tabies 6 and 7. In these tables, group i denotes the group of proto-

Tnsert Tables & and 7 about here

cols with 1ast_error on trial i. Group 0 is the set of pyptoco}s with
no pre-criterion errors. For group k, the distance of trial n from fhe
trial of last error 1s equal to n-Kk. Thus, the entry in row i and
column j is the mean latency on trial i+ J averaged over all protocols
with last error on trial i. Groups with less than 20 prbtocols.on both
segsions have been omitted.

These analyses fail to reveal any evidence for a consistent increase
in latency as a function of item difficulty that would account for the
sherp initial increase in the mean error latency curve. However, the
results in Table 6 for session 1 indicates an alternative explanation.

If the eniries in column O are compared with the entries in column -1

and column 1, it is apparent that the latency rises to & meximum on the
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trial of last error iﬁ all gfbups but group 1 (group O has no errors).
Except for group 9, this inérease has a magnitude of at least .1 seconds.
Mean error latencies and mean Success latencies show similar results when
anglyzed in this manner. .Also, analysis of the results of seséion 2 indi-
cates that they closely resemble the results of session 1, except that
there is a decrease for group 9.

Tabie 7 shows the results of & similar analysis for mean latencies
conditionalized on errors and successes, The results of session 1 show
no consistent evidence of a difference between mean errof.latency and
mean success latency prior to the last error. For all groups except
group 9, the latency of the last error 1s greater than either the success
latency or the error latency on the preceding trial. The results for
session 2 are simila?, except that, for groups 6 and 8, the latency of
the last error is less than the error latency on the preceding trial.

The above analysis can be presented in summary form by plotting
curves analcgous Lo backward learning curves. These curves are computed
by arranging all 21 groups in the manner of Table 1 and finding, for each J,

20 20
( z%_o aijtij / Z;“o aij) where tij is the entry in row i and column
and _aij is the n;mber of protocols on which tij is vased. The result

is shown in Fig. 6. There is no evidence of any consistent difference

Insert Figure 6 about here

between error latency and success latency prior to the last error.
However, the latency on the trial of last error is considerably larger

than either preceding errcr latencies or preceding success latencies.
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Group

0

Mean overall lateéncies as a Function of item difficulty and distance

umber
cf ‘
Protocols

37

L8
35
29
i
50
31
28
_ 30
.28

8 -7 -6

1.19
1.29 1.58

1.28_ 1.29 1.hk2

Table &

DISTANCE FROM TRIAL CF LAST ERROR

1.23
1,44
1.67
1.39

-4

1.23
1.67
1.55
1.7k

S 1.60

SESSTON 1
..3 -
1.28
1.16. 1,36
1,51 1.52
1.53 1.51
1,57  1l.bk
1.62  1.76
1.66 1.57

-1

1.16
1.55
1.39
143

1.65

1.62

1.70

1.54

0

from last error.

1

1.21

1.13

1.37
1.40

1.27

1.9

1.41

1.50

1.52

1.34

1.36

1.18
1.34
1.4
1.37
1.k6

1.4g

1.43
1.51

1.30

1.22

1.45

1.3%

1.4

1.1k

1.13

1.49
.21
1.36
1.20
1.31

1,26

1.38

1.30

1.15
1.22
1.19

1.11

1.22

1.27

1.25 -
1.38 ‘1.

1.17

l.22

1.01

1.26
1.12

-1.17
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1.20
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-1

Mean oversall latencies as a functicn of item difficulty and distance from

Number
of
Protocols

37
58
b3
43
60
L2
29
28
22

16

8 7 -6

1.02
1.08 1.56

1.1k 1.61 1,61

-5

1.0%

1,19

1.48
1.89

Teble 6 (continued)

b
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1.25
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1.79
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SESSION 2 |
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1.69

-1
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S 1.b5
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1.34
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1.02

1.32
1.23

1.32

1.46

1,77

last error.

1.06.

1.37
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Group Prcotocols

2

Mean error and success latencies as a function of item difficulty and distance

Number
of
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29

L
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31

28
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28

Success Latency
Error Latency
Proportion of Errors

Success Latency
Error Latency
Proportion of Errors

Success Latency
Error Latency
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Buccess Lateﬁcy

Error lLatency
Proportion of Errors

Success Latency
Error Latency
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Success Latency
Error Latency
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Success latency
Error Latency
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Success Latency
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DISTANCE FROM TRIAL OF LAST ERROR

-8 -7 -6
1.18
1.19
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1.29 1.51
1.29 1,60
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S 15 DT T

Tablie 7

-2

1.28

l.22
B4
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1.52
.6k

1.51
1.75
.67

1.26

1.48

<27

_h

1.15
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1.72
71
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1.47
l6}'{’
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1.55
67
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1.83
61

1.07
1.19
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.68
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Group protocols

2

Table 7 (continued)

Mean error and success latencies as & function of item difficulty and distance'from.last error.

Number

of

k3
k3
60

L2

.29.

28

16

'Success'Latency

Error Latency
Proportion of Errors

Success Latency
Error Latency
Proportion of Errors

Success Latency
Error Latency -
Proportion of Errors

SBuccess Latency

Error Letency

Proportion of Errors

‘Buccess Latency

Zrror Latency

Proportiocn of Errors

Success Latency
Error Latency
Preoportion of Errors

Success Latency

" Error .Latency
~ Proportion of Errors

Success latency
Error latency

‘Proportion of Errors
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DISTANCE FROM TRIAL OF LAST ERROR

-8

-7
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.73

1.41
1.86

R
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.56
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.64

1.38
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It is also considerably larger than any latencies after the_tria} of
last errocr. | |

If the individual protocolsdare examined, this phenomenon becomes
much less clear cut, since many protocols have a last error latency that
is considerably less than the latency on the preceding trial. Heﬁce, it
is possible that thisz Jump in the backward curves on the trial of last
error could be due to the fortuiltous cccurrence of a few extreme values.

In order to investigate this possibility, let to denote the last-

error latency, +t denote the latency on the preceding trial and t

-1 1

denote the latency on the trial immediatel& after the last error. Con-

sider the null hypothesis that t-l’ to and tl are independent,

identically distributed random variables. Then

Prit. > %

o l) = Pr(t, >t_

5 = 1/2 .

1)

t

Also, if we arrange t 12 t 1

0’ in descending order of magnitude then
there are six prossible orderings, all of which are equally probable.
Hence

Pr{tO = max (t—l’ tO’ tl) } = 1/3".

Analysis of all protocols with.last error on trial 2 or after produced

- the following empirical results:

Segsion 1 Session 2
Number of Protocols 383 350
Pr(t, > ) .58 .60
Pr(to > tl) 6l .60
Pr[to = max (to, oy t_l)} L6 43
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A test based on the exact binomial distribution showed the differences
between the observed proportions and the proportions delivered from the

‘null hypothesis to be significant at the .00L level.
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Other Experiments

At the time our experimeﬁt_was.performed (1962) almost no empiricél
information existed as to the trial by trial variation of response latency
in péired—assbéiaté.learninge Recently, ﬁillward (l964) hes reported an
experiment that résembles.the present one in many respects. The main
difference is ﬁhaf Millward used digits as stimulil and two response alter-
natives whereas the present experiment used nonsense syllebles and three
responée altefnétives,

Although the mean error latency curve in Millward's experiment shows
thé same shérp initial rise, thé backward latency does not show the sharp
peak on the tfial of last error which characterises our data. Millward
performs an analysis similar to the one we performed in Table 6, but states
that the individual group.curves in general rise within a few trials and
remain at the level of the last error trial.

The disagreement between Millward®s findinge and those of the present
experiment may be due to differences in experimental procedure. It may
also be due to the fact that Millward does not use & learning critefion
in hié anzlysis. 1In the present experiment, it was found that latencies
on post-criterion errors tended to be clearly lower than latencies on Pre-
criterion errcrs,

W. Kintsch has provided us with an analysis of some unpublished data
obtained in connection with =a 2~response, 12~ item paired-associate experi-
ment that used nonsense syllables as stimuli (Kintsch, 1964).  The result
of this analysis, which is shown in Tabie 8, shows an increase in latency

on the trial of last error for all groups except Group 6, although its
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Insert Table 8 mbout here

‘magnitude is not large. Curiouély enough, the increase does not appear
on the backward latency curve. This may be due to including latencies
from the group with last error on trial 1 in the averaging process. In
both Kintsch's experiment and the present one, last errors that occur
on trial 1 have a low average latency, being no greater than the mean
latency on subseguent trials.

The partial results of a similar enalysis of latency dats from an

unpublished experiment by W. K. Estes and D. Horst are shown in Table 9.

Insert Tablie 9 about here

In this experiment, six subjects were presented with a 2h-item list con-
sisting of common four letter words. The responses were numbers, each
item having a unique response. An examination of Table ¢ shows that the
iast error letency is greater than the latency on both the preceding
trial and subseguent trials for all groups but Group 5.

Alternative Approaches

The three-state model discussed in this report would appear tc be
deficient in two respects. The first is that, although the fit to the
choice data is guite good, the estimated values, ql, of the error pro-
babilities in State 1 are tooc low to have any simple intuitive interpre-
tation. This applies especially to the estimate for Session 1. It is

difficult to decide whether this is the fault of the model or the estimation
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Table 8

(a) Mean overall latencies in seconds for Kintsch's data as

" a function of item difficulty and distance from last error.

Distance from Last Error

Latency

Group -5 ‘ -k -3 -2 -1 0 i 2 3 4
0. 2.1 2.0 1.8 1.8
1 2.2 2,2 1.9 1.8 1.7
2 23 2% 21 L8 L9 1.6
3 2,2 2.4 2,_5- 24 2.0 1.9 1.8
i 2.3 2.5 2.4 2.6 2.0 1.9 1.7 1.6
5 2.1 - 2.9 3.0 2.6 2.8 1.9 2.1 1.9 5.1
6 1.5 2.3 2.1 a.é 2.6 2.6 1.9 1.7 1.9
(5) Backward.latency for Kintsch's data.
et R T A S T
Mean 1.7 2.2 . 2.3 2.h 2.3 2.3 2.1 2.0 1.8




- Table 9

Mean overall latencies in seconds for Estes! and Horst's data as a function of item

difficulty and distance from last error.

—09_

Group Number of Distance from last error
Protocols .
-6 -5 - -3 o 1 o 1 2
2 13 | | 3.89  5.26 3.47  3.57
3 17 - g2 5.43  6.22 .16 3.27
b 25 - 2.92 k.59 5.25 5.95 3.28  2.73
5 - 1b ’ 2.72 3.66 5.50 6.32 5.7 4.06 2.8k
6 5 | .21 5.29 4,82 5.50 .47 h.25 221 2.3

7 | 11 1.95 2.70 3.11 3.42 0 3.36 3.20 3.65 2.81  2.52




procedure. The other problem arises with respect to latency data. The
mbdel, as 1t stands) canmot account for the jump in mean latency on the
- trial of last error. For these reasons, we have not atiempted to fit
our storage mechanism model to the data.

An alternative model for the choice dais has been provided by Norman
(1964). In this model, a subject's success probability incresses by
linear increments on random trials. For a discussion of the fit of this
model to our data, the reader is referred to Norman's paper. It will
not be pursued further here because it provides no mechanism to account
for response latencies.

It is possible to adapt the three~state model so that it might be
able to account for a latency increase on the trisl of last error. This
could be done by changing the process to a four-state process with transie

tion matrix

¢ [1e ¢ o o]
o
Cl 0 i-b b 0
1
Cl ¢ 0 0 1
02 B 0 0 0 1 )
Then we could assume that
1
Pr(X = 1,01, L) =1

and

1
E(tnlcl’ n) >}ll
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However, more needs to be known about the latency phenomena described in
this paper before there is much point in fitting another model. In par-
ticular, a thorough investigation needs to be made of the conditions under
which sharp increages in latency occur. This investigation should not be
limited to the trial of last error. We also need to know more about sharyp

increases in response latencies prior to the last error.
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